In ectotherms, the external temperature is experienced by the mitochondria, and the mitochondrial respiration of different genotypes is likely to change as a result. We tried to identify differences in mitochondrial performance and thermal sensitivity of two Drosophila simulans populations possessing two different mitochondrial types (siII and siIII) and geographical distributions by using high-resolution respirometry with permeabilized fibers (in situ approach). Maximal state 3 respiration rates obtained with electrons converging at the Qjunction of the electron transport system (ETS) differed between the mitotypes at 24°C. Notably, flies harboring siII mtDNA had higher catalytic capacities than those with siIII mtDNA (2129 and 1390 pmol O 2 .s .mg -1 proteins respectively). The higher catalytic capacity detected in the siII mitotype could give advantage either in terms of intensity of aerobic activity, endurance or both if the intensity of exercise that can be aerobically performed is partly dictated by the aerobic capacity of the tissue. Moreover, results on thermal sensitivity showed that even if temperature affects the catalytic capacity of the different enzymes of the ETS, both mitotypes revealed high tolerance to temperature variation.
Introduction:
The control of oxidative phosphorylation (OXPHOS) and regulation of mitochondrial respiration is thought to be shared by different complexes: the phosphorylation system, electron transport system (ETS) and the reactions that provide substrates and electrons to the system (14) .
Since all these processes are expected to be affected differently by temperature, the distribution of control strength may also be altered by temperature (18) . Investigation of catalytic capacities of the different enzymes of the ETS at different temperatures is therefore important to understand management of mitochondrial respiration control and plausibly adaptation to environmental temperature. The goal of this study is to identify differences in mitochondrial performance and thermal sensitivities associated with mtDNA haplotype divergences in the fly Drosophila simulans. This is an important biological question because it has been suggested that selection on mtDNA might lead to haplotypes adapted to different environments (12, 23) .
It has been suggested that thermally induced-changes in cytochrome c oxidase (COX) activity act on regulation of respiration mainly through impacts on the redox state of ETS (11) .
For example, in Salvelinus fontinalis, it has been shown that the COX maximal activity (V max ) measured at different temperatures should reach a significantly high level of inhibition before impairment of mitochondrial respiration at each temperature tested (11) . This excess of the catalytic capacity of COX was suggested to be required for the adequate functioning of mitochondria at different temperatures encountered by the species in order to maintain the ETS mainly in an oxidized state and consequently to insure a sharp thermodynamic gradient in the ETS under most thermal conditions (11) . It is therefore relevant to measure this apparent COX excess capacity in order to investigate impact of temperature on the regulatory properties of respiration through the redox state of ETS. This can be done by calculating the "biochemical threshold effect" (for a review, see 45) using increasing concentrations of a specific inhibitor of a specific complex (complex IV in our case), while measuring individual activity of this complex and the OXPHOS pathway in mitochondria respiring at maximum capacity at different temperatures. In the case of high electron input in the ETS using multiple substrates (pyruvate+malate+proline+sn glycerol-3-phosphate), our laboratory showed that an important threshold, and subsequently a high apparent COX excess capacity, was detected at 12°C but was non-existent at higher temperatures (42) . These differences in biochemical threshold and in apparent COX excess capacity were proposed to be associated with alteration of the distribution of control along the ETS and dehydrogenase processes with temperature changes (42) . Indeed, another approach to relate the impact of temperature on catalytic capacity of cytochrome c oxidase to the respiration rate and the activity of ETS is by assessing the flux control coefficient of COX at these temperatures. The flux control coefficient for a given enzyme is defined as the change in pathway flux upon a small change in enzyme activity, and it follows that enzymes with a high control coefficient are of significance when considering regulation of metabolism (21, 32, 38) . In a previous study, we showed that the level of control of mitochondrial respiration by COX increases significantly with increasing temperatures, confirming the importance of this parameter in the mitochondrial respiration during temperature-induced changes (42) .
We sought to identify differences in mitochondrial performance and thermal sensitivities associated with mtDNA haplotype divergences in the fly Drosophila simulans. Drosophila simulans harbours three geographically distinct, subdivided haplogroups (siI, siII, siIII) with nearly 3% interhaplogroup divergence (3, 4, 6) but lacks any nuclear subdivision at any nuclear encoded loci tested to date (31, 39) . The siII and siIII mitotypes live in sympatry in Kenya where the frequency of the siIII type is about 40% (5) . In four wild caught siII and four siIII fly lines, low amino acid variation was observed within mitotypes in a 4.5 kb region spanning from position 1450 to position 5983 of the mtDNA genome. In contrast, large divergences were noticed between the mitotypes (2.04×10 -2 % nucleotide divergence, 1.21×10 -2 % amino acid divergence in the same region) (7) . Specifically, there are 1×10 -2 average pairwise amino acid differences at the level of complex I, 0.3×10 -2 at the level of complex III and 0.39×10 -2 at the level of complex IV between both mitotypes (4). Recently, it has been shown that at the level of complex IV, which has its three larger subunits (COI, COII and COIII) encoded by mtDNA, there are 76 synonymous and two nonsynonymous fixed differences in COII among flies harboring siII compared with siIII mtDNA (7, 8, 39) . One synonymous change occurs in a loop toward the intermembrane space and causes a isoleucine to threonine replacement (7) and the second change causes a isoleucine to valine replacement in a β8 strand of the cupredoxin fold toward the intermembrane space (8) . Therefore, there are significant probabilities that these amino acid substitutions might be important in terms of physicochemical properties of the peptides. Consequently, complex IV is an ETS locus of interest to delineate the functional mitochondrial differences associated with mtDNA between the two mitotypes.
The thermal sensitivity of D. simulans mitotypes has been addressed in a previous paper using isolated mitochondria (42) . This approach is valuable for assessing mitochondrial functional integrity and maximal capacity of oxidative phosphorylation as well as import of mitochondrial proteins (1, 9, 10, 11, 14, 20, 28, 36, 42, 50) . However, it may be biased under some circumstances (15, 19, 34, 40, 44, 46) . Kuznetsov et al. (34) emphasized that properties of mitochondria may differ in vivo and in vitro and therefore, an in situ approach could be more relevant than studying isolated mitochondria in some circumstances. Here, we develop an in situ approach to study mitochondrial respiration in permeabilized fibers and then compare the results with our previous findings using isolated mitochondria (42) . This in situ approach differs from our previous experiment using isolated mitochondria (42) since we measured the mitochondrial respiration during high electron input through the ETS using multiple substrate-uncouplerinhibitor titration (SUIT) protocols (25) adapted to Drosophila. In the present study we used a more complex combination of substrates than Pichaud et al. (42) to maximally reduce the different complexes of the ETS and we attempted to maintain the natural cellular conditions and minimize stress on mitochondria by working on permeabilized fibers. We measured mitochondrial respiration at 12, 18, 24 (considered an optimal temperature) and 28°C in permeabilized fibers. The thermal sensitivity of mitochondrial respiration was measured with different substrate combinations of complex I, complex II, complex III through Q pool, and their respective inhibitors. We also determined functional integrity of the outer mitochondrial membrane, thermal sensitivity of uncoupled respiration as well as the biochemical threshold and the apparent excess capacity of COX at high convergent pathway flux as well as the flux control coefficient of COX using inhibitor titration experiments in order to compare overall mitochondrial performance at different temperatures of both mitotypes. Measurements of pyruvate dehydrogenase activity were also performed to investigate electron entry in the ETS at the level of complex I.
Materials and methods: Fly mitotypes
Drosophila simulans (STURTEVANT 1919) , siII and siIII both collected in Kenya, were used. For each mitotype four isofemale lines (namely 2KY0412, 2KY0415, 2KY0418 and 2KY0421 for siII; 3KY0410, 3KY0412, 3KY0414 and 3KY0420 for siIII) were reared from flies collected in Nairobi in November 2004 (7) . The mtDNA haplotype was determined using allelespecific PCR as described previously for each isofemale line (17) , and Wolbachia infection was tested using conserved 16S rDNA primers (29). According to Ballard et al. (7), there is only one nonsynonymous change within siII lines and one nonsynonymous change within siIII lines over 5500 bp of mtDNA analysed. In contrast, large divergences were noticed between the mitotypes (2.04×10 -2 % nucleotide divergence, 1.21×10 -2 % amino acid divergence in the same region). PCR assays showed that all isofemale lines belonged to the corresponding mtDNA haplotype and were not infected by Wolbachia.
Flies were reared at constant temperature (24.0 ± 0.1°C), humidity (50% RH), diurnal cycle (12 h:12 h light:dark) and density (approximately 100 flies for 25 ml of standard cornmeal medium) as described previously (42) . Flies were reared in standard cornmeal medium containing a mixture of 10 g of agar-agar, 12 g of sugar, 54 g of dried yeast and 106 g of cornmeal flour dissolved in 2 l of tap water, and propionic acid (8 ml) and methyl-4-hydroxybenzoate 10% (w/v) in ethanol (32 ml) were added to the mixture to avoid mite and mould contamination. Flies used for experiments were 10-day-old males. To avoid fitness problems associated with aging, the parents of the experimental flies were less than 14 days old. Each population was reared in two different incubators (A and B) to allow replicates of experimental lines and to avoid any Instruments, Innsbruck, Austria) filled with air-saturated respiration medium. The oxygen electrodes were calibrated with air-saturated respiration medium at each experimental temperature, and zero oxygen measurements were taken after sodium dithionite addition. O 2 solubility for medium respiration was calculated for the four experimental temperatures according to Rasmussen and Rasmussen (43) .
High-resolution respirometry
For high-resolution respirometry experiments, we used saturating concentrations of different substrates. We rationalized that it ven if it does not reflect the physiological input of electrons into the ETS and consequently the respiration rates, this approach is required to maximize resolution and increase our ability to identify the locus of divergence between the two mitotypes.
O 2 fluxes measurements with substrates and uncoupler:
Respiration was measured at 12, 18, 24 (with permeabilized fibers from 8 thoraxes) and 28°C (with permeabilized fibers from 4 thoraxes), and data acquisition and analysis used the software DatLab (Oroboros Instruments, Innsbruck, Austria). According to the temperature and the mitotype tested, mitochondrial respiration of 7 to 20 different preparations were averaged for each incubator (19 and 12 preparations for siII and siIII, respectively, at 12°C; 16 and 20 preparations for siII and siIII, respectively, at 18°C; 13 and 19 preparations for siII and siIII, respectively, at 24°C; 18 and 7 preparations for siII and siIII, respectively, at 28°C). After addition of pyruvate (10 mM), malate (10 mM), and L-proline (10 mM), fiber bundles were transferred into the respiration chambers to achieve state 2. The following substrates and uncoupler were then sequentially added to the chamber: ADP (5 mM, to achieve state 3 respiration for complex I, CI), cytochrome c from equine heart (10 µM, as an index of functional integrity of the outer mitochondrial membrane, CIc), succinate (10 mM, to reach state 3 respiration for complex I +complex II, CIc+CII), sn glycerol-3-phosphate (20 mM, to achieve state 3 respiration for complex I + complex II + glycerol-3-phosphate dehydrogenase, CIc+CII+G3Pdh) and 2,4-dinitrophenol (uncoupler, optimum concentration between 5 to 15 µM to reach maximum O 2 flux, CIc+CII+G3Pdh+u). According to Gnaiger (27) . From this point, [1] inhibitors were sequentially introduced to inhibit the overall mitochondrial respiration and COX activity was determined before sodium azide titration was performed, or [2] mitochondrial respiration inhibition was measured using sodium azide titration.
Inhibitors and COX activity:
After mitochondria were uncoupled, the following inhibitors and substrates were introduced in the following order: rotenone (0.5 µM, inhibitor of complex I, CII+G3Pdh+u), malonate (5 mM, inhibitor of complex II, G3Pdh+u), antimycin A (2.5 µM, inhibitor of complex III). The inhibition of the complexes I, II and III allowed us to measured the residual oxygen consumption (Rox) due to residual oxidative side reactions occuring in permeabilized fibers (27) . N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) + ascorbate (0.5 mM and 2 mM respectively) were then added to measure COX activity. After each introduction, oxygen consumption was measured and chemical backgrounds (oxidation rates due to autoxidation of TMPD, ascorbate and cytochrome c) as well as instrumental backgrounds were subtracted from the activity (24) . These subtractions allowed us to calculate O 2 flux (for CII+G3Pdh+u, for G3Pdh+u, for Rox and for COX) and SCR (for CII+G3Pdh+u and for G3Pdh+u with CIc+CII+G3Pdh+u as the reference state).
Azide titration experiment:
After TMPD + ascorbate were introduced [1] , sodium azide was progressively added at appropriate intervals to inhibit COX activity. The concentrations used for titration were the following: 1, 2, 7, 12, 32, 52, 102, 152, 252, 352, 852, 1352, 3852 and 8852 µM or until maximum inhibition was achieved. Alternatively, after mitochondria were uncoupled, the same sodium azide titration was performed [2] to progressively inhibit the maximum pathway flux.
This titration of maximum pathway flux as well as azide titration of COX activity allowed us to construct plots of relative respiration rate against the percentage of inhibition of COX activity at the same azide concentration (38, 53) . The inhibition constant (Ki) was calculated from transformed data using the Dickson linearization (33) . As azide is a non-competitive inhibitor, the flux control coefficient (Ci) was calculated using the following equation:
where J is the respiration flux, dJ is the decrement of respiration flux caused by increment of inhibitor addition dI (between 0 and 50 µM) and Ki is the inhibition constant for sodium azide (33) .
Ratios of the different O 2 fluxes for CIc/COX, CIc+CII/COX and CIc+CII+G3Pdh/COX were also calculated in order to emphasize the possible different proportions of each complex at the different temperatures tested.
Measurements of mitochondrial respiration were averaged for each mitotype at each temperature, and for each incubator. Data were expressed as mean respiration rates in pmol of oxygen consumed per second per mg proteins, for each mitotype at each temperature, and for each incubator.
Enzymatic analyses
PDH activity was measured using a UV/VIS spectrophotometer (Perkin Elmer, Lambda 11, Foster City, CA, USA) equipped with a thermostated cell holder and a circulating water bath.
PDH was measured from 16 whole flies (4 from each isofemale line of each mitotype) homogenized in 1600 µl of ice-cold buffer containing 50 mM Tris-HCl, 1mM MgCl 2 , 0.1% Triton X-100, 1 mg.ml -1 BSA, pH 7.8 and centrifuged 3 minutes at 750 g. Each measurement was done in duplicate, and five different analyses were averaged for each incubator, temperature and mitotype. Enzymatic activities were expressed in U.mg -1 protein, where U is 1 µmol of substrate transformed per minute at each temperature tested (12, 18, 24 and 28°C).
PDH activity was measured according to Thibeault et al. (49) . NADH production was followed by coupling it to the reduction of iodotetrazolium violet (INT). 100 µl of the supernatant were incubated with ice-cold buffer supplemented with 2.5 mM NAD, 0.5 mM EDTA, 0.1 mM coenzyme A, 0.1 mM oxalic acid, 0.6 mM INT, 6 U.ml-1 lipoamide dehydrogenase, and 0.2 mM thiamine pyrophosphate at pH 7.8. The reaction was initiated with the addition of 5 mM pyruvate (omitted from the control) and the change in absorbance was measured for 5 minutes at 500 nm (INTε 500 = 15.4 ml.cm -1 .µmol -1 ).
Protein content
At the end of each mitochondrial respiration measurement, fiber bundles were removed and homogenized with a Tekmar homogenizer and the subsequent homogenates were immediately frozen at -80°C for further analyses. Total protein content was determined both for homogenates from fiber bundles and from whole flies in duplicate by the bicinchoninic acid method (47) . Due to addition of cytochrome c during experiments and the presence of BSA in the ice-cold buffer and in the respiration medium, the protein content of the buffer was subtracted from the fiber preparations.
Temperature coefficient values
Temperature coefficient (Q 10 ) values for mitochondrial functions (CI, CIc, CIc+CII, CIc+CII+G3Pdh, CIc+CII+G3Pdh+u, CII+G3Pdh+u, G3Pdh+u, COX activity and PDH) were calculated using the following formula:
where Rate 1 is the mean rate of the parameter measured at temperature t1, and Rate 2 is the mean rate of the parameter measured at temperature t2. As the different parameters were not measured on the same individuals, Q 10 was calculated using the mean of each parameter measured at each temperature.
Chemicals
All chemicals were purchased from Sigma-Aldrich (Mississauga, ON, Canada).
Statistical analyses
All statistical analyses were performed with SAS software (9.1.3, SAS Institute, Cary, IN, USA). O'Brien's test was used to verify homogeneity of data. No differences between incubators were detected for any parameters measured and consequently, analyses of variance (ANOVA) with two independent variables (temperature and mitotype, the incubator variable was discarded)
were performed using general linear models (GLM) with the least square means method for multiple comparison tests. This allowed us to determine any interactions between the variables, and the effect of each variable on the different parameters measured. Significance was defined at P < 0.05.
Results:
Data from incubators A and B were pooled giving 14 to 40 different preparations according to the temperature and mitotype tested (38 and 24 preparations for siII and siIII, respectively, at 12°C; 32 and 40 at 18°C; 26 and 38 at 24°C; 36 and 14 preparations at 28°C) and 10 different homogenates for enzymatic analyses for each mitotype at each temperature.
Consequently, F and P are presented only for the factors "temperature" and "mitotype" and their interaction ( Table 1) . Statistical values cited in the text are those obtained with the Least Squares method to simplify presentation of results.
For oxygen fluxes and consequent RCR, UCR and SCR, Rox was subtracted from initial oxygen fluxes measured.
Fly sampling
All lines from the two groups (siII and siIII) were pooled due to low intrahaplogroup variation (31). In the resulting pools of isofemale lines, the mean mass between mitotypes or between incubators were similar (0.685 ± 0.070 mg for siII incubator A; 0.674 ± 0.061 mg for siII incubator B; 0.679 ± 0.079 mg for siIII incubator A; 0.686 ± 0.071 mg for siIII incubator B).
Respiratory Control Ratios
RCRs were calculated for complex I as CI/state2 (26), and results are presented in Fig. 1 .
RCRs obtained using substrates for complex I indicate a well-coupled respiration. No significant differences were detected between mitotypes. RCRs were only influenced by temperature (Table   1) , and were maximum at 24°C but differences among temperatures were significant only for siII from 12 to 24°C (P-values < 0.01) and between 24 and 28°C (P < 0.0001).
Cytochrome c effect and Uncoupling Control Ratio
To determine if mitochondrial integrity was disrupted, O 2 flux was compared before and after cytochrome c injection. Ratios of CIc/CI showed little effect of cytochrome c addition on the mitochondrial respiration (CIc/CI ratios were not significantly different from 1, results not shown), suggesting functional integrity of the outer mitochondrial membranes. No significant differences between mitotypes were observed, although a slight (but not significant) decrease was detected from 12 to 28°C. 
Respiration rates
Comparisons of respiration rates between the in situ approach and the in vitro approach (42) showed that respiration rates in permeabilized fibers were almost always lower than with isolated mitochondria (results not shown). General Linear Models showed that both mitotype and temperature influenced the respiration rates for CIc+CII+G3Pdh+u, CII+G3Pdh+u and COX while CI was only influenced by temperature and CIc, CIc+CII, CIc+CII+G3Pdh and G3Pdh+u were only influenced by mitotypes (Table 1) . At 24°C, significant differences were detected between mitotypes (Fig. 2) for CIc+CII+G3Pdh, CIc+CII+G3Pdh+u, CII+G3Pdh+u, G3Pdh+u and for COX (P = 0.02, P = 0.015, P = 0.027, P = 0.031 and P = 0.036, respectively). A difference was detected between temperatures for complex IV in siIII, with COX activity being significantly higher at 28°C than at other temperatures (P-values ≤ 0.012). For siII, all parameters were significantly higher at 28°C when compared with 12 and 18°C (P-values ≤ 0.0415).
Substrate Control Ratio (SCR)
SCR allowed us to determine the effect of each substrate addition on mitochondrial respiration. For CIc and CIc+CII, the reference state was chosen as CIc+CII+G3Pdh while for CII+G3Pdh+u and G3Pdh+u, the reference state was CIc+CII+G3Pdh+u. Temperature was the only factor that influenced SCR at the level of CIc, CII+G3Pdh+u and for G3Pdh+u (Table 1) .
Results for CIc and CIc+CII showed no significant SCR differences between mitotypes at any temperature (Fig. 3) . The mitotype siII had lower SCR than siIII for CII+G3Pdh+u as well as for G3Pdh+u respiration rates at 24°C (P = 0.037 and P = 0.048, respectively). Interestingly, significant increases in SCRs were observed when succinate was added as substrate for siII at 12 and 18°C (P-values ≤ 0.048) and for siIII at all temperatures (P-values ≤ 0.042).
Cytochrome c oxidase excess, biochemical threshold, and flux control coefficient
The state 3/COX ratios for CIc+CII and for CIc+CII+G3Pdh (Table 2) were not significantly influenced by any assayed parameter, as determined by General Linear Model's and Least Square Means method. The maximum velocity (V max ) of COX was higher than the V max for CIc, CIc+CII and CIc+CII+G3Pdh denoting that in our measurements of maximal respiration rates, mitochondria utilize approximately between 31% and 57% of the COX activity available according to the substrate combinations used (Table 2) .
We next examined the "biochemical threshold effect" at high flux through the ETS using a combination of substrates that maximally reduce complexes I and II and G3Pdh. Azide titration resulted in hyperbolic inhibition of COX. Threshold plots display the overall flux as a function of COX activity; the threshold for inhibition of COX is defined as the intercept of the initial slope with the linear fit of the final slope (Fig. 4A) . The value of the threshold correspond to the percentage of the maximal COX activity that has been inhibited before starting impairing maximal respiration rate of mitochondria. Therefore the highest the threshold value, the highest the excess of COX activity. Consistent with our previous results using the in vitro approach (42), we detected a threshold (about 67% for siII and 75% for siIII). Subsequently, we detected an apparent COX excess capacity, i.e. the intercept of the extrapolation of the linear regression for the final slope with the axis at zero COX inhibition, at 12°C for both mitotypes (188%, R 2 = 1 for siII and 230%, R 2 = 0.995 for siIII). No apparent COX excess capacity was detected at 18, 24 and 28°C for both mitotypes and comparisons were made between the different Ki and Ci (Fig. 4B,   C) . Ki was only influenced by temperature (Table 1 ) and no significant differences were observed between mitotypes. Both mitotypes had an increasing Ki with increasing temperatures, with significant differences at 24 and 28°C compared with the two other temperatures (P-values ≤ 0.036). Interestingly, Ci was influenced both by mitotype and temperature (Table 1 ). Significant differences between mitotypes were found at all temperatures tested (P-values ≤ 0.041), and a significant increase was also detected for both mitotypes between 24 and 28°C (P-values < 0.001). At all temperatures, the control coefficient at the COX level was higher for siIII which might be reflected by the lower apparent COX excess capacity at 12°C as well as the lower activity for this mitotype.
Enzymatic analyses
The enzymatic activity of PDH was measured to ensure that divergences between haplotypes could not be dictated by differences in the rate of entry of carbon substrates in the tricarboxylic acid (TCA) cycle. PDH activity was only influenced by temperature (Table 1) . No significant differences were detected between mitotypes at any temperature (Fig. 6) . PDH activity was however affected by temperature and significantly increases between 12 and 18°C, as well as between 24 and 28°C (P-values ≤ 0.037).
Effects of temperature
Results for Q 10 are presented in Fig. 5 . Calculating Q 10 leads to the elimination of interindividual variations in that data, making it impossible to perform statistical analyses. Results can however be used to discuss some general patterns. For both mitotypes, Q 10 of ETS complexes appear to be lower with lower temperatures and the highest Q 10 are reached in the range of 24° to 28°C. The most evident difference between mitotypes is the level of COX thermal sensitivity at the highest temperature range, with a Q 10 of 2.49 for siIII compared to a Q 10 of 1.51 for siII. The same pattern is observed for PDH with higher Q 10 at higher temperatures while divergences between mitotypes were observed (with siII having a Q 10 higher than siIII). Not surprisingly, temperature influenced most parameters: the respiration rates for CI, CIc+CII+G3Pdh+u, CII+G3Pdh+u and for COX, the SCRs for CIc, CII+G3Pdh+u and G3Pdh+u, the Ki and the Ci, as well as the PDH activity (Table 1) .
Discussion:
This study sought to identify differences in mitochondrial performance and thermal sensitivity between populations of D. simulans with divergent mitochondrial haplotypes using an in situ approach (whole muscle), close to the natural physiological conditions. We also compare the results obtained previously using an in vitro approach (on isolated mitochondria). To our knowledge, this is the first study to use permeabilized fibers of invertebrates to evaluate the impact of temperature variations on mitochondrial performance. We developed a new technique that allowed us to accurately compare different steps of the ETS, even with small differences in oxygen consumption, which may be applied to investigate impacts of environmental conditions on mitochondrial function. Moreover, genetic divergences in mtDNA, which may be related to divergences at the level of the metabolic efficiency, can be addressed as an evolutionary determinant of metabolic adaptations.
The respiratory control ratios obtained with this new method showed well-coupled respiration (between 4.0 and 7.8 according to the mitotype and the temperature), consistent with previous RCRs measured in isolated mitochondria (ranging from 5.3 to 8.3) using the same substrates and temperatures (42) . The cytochrome c effect was very low at all experimental temperatures confirming functional integrity of the outer mitochondrial membrane. These results confirm that the in situ method was appropriate to evaluate mitochondrial function, and might be more relevant than an in vitro approach since the cellular environment is preserved.
Results for UCRs showed that when the ETS is "nearly saturated" with electrons from substrates, no effect of uncoupling can be detected suggesting that ATP synthesis capacity and ADP supply by ANT can both support the maximum electron flux through ETS with the combination of substrates that we used (42) . Since O 2 fluxes for CIc+CII+G3Pdh and for CIc+CII+G3Pdh+u are almost identical, phosphorylation of ADP does not appear to be a limiting step under these experimental conditions. Consequently, the control of mitochondrial respiration may be exerted mostly upstream of ATP synthase and ANT.
Unfortunately, it is difficult to compare the respiration rates of the present study with those of the previous done on isolated mitochondria since rates of respiration have been normalized in two different ways. In both studies, respiration was normalized with total protein content. However, in the previous study (42) , total protein content were measured in mitochondrial preparations whereas in the present study we measured the total protein content of the permeabilized fibers. Therefore, we focused on the comparisons of patterns of thermal sensitivity between the two mitotypes that we obtained in the two studies instead of comparing the O 2 fluxes between the two methods.
In Pichaud et al. (42), we investigated the entry of electrons through the ETS at the level of complex I (with pyruvate+malate+L-proline), or at the level of complex III via glycerol-3-phosphate dehydrogenase (with sn glycerol-3-phosphate). However, it was not possible to measure the simultaneous entry of electrons at the level of complexes I and III. This was mainly because the oxygen concentration in the chamber was exhausted within a few minutes due to the system used (mitochondrial preparations with high content of mitochondria), restricting the experiment and preventing simple protocols with few titration steps. This was not the case with high-resolution respirometry using permeabilized fibers and therefore extended SUIT protocols may be applied (26). Moreover, it has been shown that in situ mitochondrial functions in permeabilized fibers are usually more stable than in isolated mitochondria allowing longer and In Drosophila, impacts of substrate combination has been investigated for NAD + -linked substrates (22, 31, 41) , but the importance of FAD-linked substrates is still poorly understood.
Since the rate of mitochondrial respiration with succinate is quite low, it has been suggested that succinate does not readily cross the inner mitochondrial membrane (22, 51) while sn glycerol-3-phosphate is preferred as FAD-linked substrate (but see 55). Indeed, if respiration rates for succinate were very low, it can be greatly increased by breaking up mitochondria (51), leading to the conclusion that insect mitochondria are impermeable to succinate. Using SCR as an expression of the relative control exerted by variation of experimental substrates at a fixed coupling state (27), our results clearly demonstrate that the addition of succinate has a significant impact on the respiration rate (Fig. 3) of Drosophila and it is therefore essential to take into account complex II as a converging branch to the Q-junction. Moreover, complex II is only encoded by the nuclear genome and, since no differences between mitotypes were detected in SCR or in O 2 fluxes for CIc+CII (Fig 2 and 3) when comparing with CIc alone, we suggest that the nuclear genes involved have weak impact on divergences of mitochondrial functions between these two populations. These results are in line with enzymatic assays since PDH, also encoded by nuclear genes, did not show differences between mitotypes at any of the temperatures tested. It is also consistent with our previous study since we showed that citrate synthase and aconitase (two others enzymes strictly encoded by nuclear DNA) activities were not different between mitotypes (42).
Study of the functional design of the OXPHOS system requires a conceptual transition from a strict analysis of the ETS to a perspective envisioning the convergent structure of electron flow to the Q-junction (27). Comparative analyses of ETS catalytic capacity therefore required investigation of the electron flux at the Q-junction with maximum capacities of all contributory branches converging at this Q-junction. In our study, the protocol was designed to evaluate the substrate combination effect in terms of O 2 consumption with three different electron inputs (complex I, complex II and G3Pdh) through the ETS. Respiration rates showed that when supplying ETS with substrates from three branches (CIc+CII+G3Pdh), significant differences between mitotypes were detected at 24°C, and these differences were also observed when an uncoupler was added (CIc+CII+G3Pdh+u), as well as when inhibitors of the complexes I or II were used (CII+G3Pdh+u and G3Pdh+u). These results suggest a higher catalytic capacity of the ETS from the siII population. This divergence is clearly significant at 24°C and is still apparent at 28°C. These differences are significant at the highest electron flux (CIc+CII+G3Pdh and CIc+CII+G3Pdh+u), when complexes I and II are inhibited (CII+G3Pdh+u and G3Pdh+u), and for the COX activity. It is still possible that the higher flux for siII is induced by a higher rate of electron entry at the G3Pdh level, but this enzyme is only encoded by nuclear DNA and it is unlikely that G3Pdh is not different between the two mitotypes. This leaves us to suspect that the catalytic advantage should be associated with the ability of complexes III and IV to deplete electrons, which is in line with the higher level of COX activity in siII.
Maximal COX activity is higher in siII at 24°C (Fig. 2) highlighting the importance of COX catalytic capacity to modulate the overall respiration rate. The results on ratios of mitochondrial respiration to COX showed no differences among temperatures or between mitotypes. The biochemical threshold and the apparent COX excess capacity was measured at high pathway flux with the three branches fully fuelled with electrons. A relatively important biochemical threshold of about 67% and 75% for siII and siIII respectively was observed only at 12°C, with an apparent COX excess capacity of about 188% in siII and 230% in siIII (Fig. 4A) .
From 18° to 28°C no excess capacity of COX was detected, suggesting that the maximal, uninhibited COX activity could not support higher respiration rates than maximal state 3 measured at these temperatures. However at 12°C the excess revealed much higher catalytic capacity than what is required to support the maximum state 3. Limitation should therefore come from reactions upstream cytochrome c oxidation since even at this temperature, uncoupler did not increase respiration rate indicating no limitation by ATP synthase or ANT. Since the relative activity of the different complexes does not vary when compared to COX at the different temperatures (Table 2) , this discounts the probability that a major limitation arises from other complexes of ETS, leaving us to conclude that it could be induced by impairment at the levels of substrate transports, TCA cycle or dehydrogenases, where electrons are provided. We cannot confirm this hypothesis, but results on PDH activity strongly suggest that at 12°C this enzyme cannot support a high flux of entry electron into the ETS, leading to the observed apparent excess COX capacity.
We previously demonstrated a more marked apparent COX excess capacity at low temperature in isolated mitochondria (excess of 604% for siII and 613% for siIII; 42). These results suggest that at low temperature, isolated mitochondria might not support the state 3 level of respiration achieved by mitochondria in permeabilized fibers within similar conditions. In combination, these data strongly suggest that isolated mitochondria do not accurately reflect the functional properties of aerobic metabolism at low temperature nor do they document the thermal sensitivity of cellular respiration in ecthotherms. Previous studies have demonstrated that in isolated mitochondria, apparent COX excess capacity was higher than in permeabilized fibers (32, 54) . These differences between the in vitro and the in situ studies and the much higher apparent COX excess capacity in mitochondrial preparations likely arise from different experimental conditions, as well as from the appropriate microenvironmental conditions of the in situ experiment.
Unfortunately, the present calculation of the flux control coefficient of COX was made at maximal state 3 with saturating concentration of ADP which is not relevant to normal physiological conditions. In the present study, only the flux control coefficient for COX was measured and we rationalized that this analysis did not allow any inferences about the flux control at lower respiratory rates. However, it remains a good indicator of physiological and biochemical divergences between the two mitotypes, even if its relevance in "normal" physiological conditions remains to be evaluated by further experimentation. At 12, 18 and 24°C, COX exerts a relatively low control over the OXPHOS capacity (Fig. 4C ) when compared to 28°C. At this higher temperature, OXPHOS capacity seems highly controlled by COX. The control of OXPHOS capacity should therefore be more evenly distributed over the different complexes of the ETS at 12°, 18° and 24°C. Even at 12°C where high apparent COX excess capacity was measured, COX maintained a significant control over state 3 respiration. This is quite intriguing since Chamberlin (14) in her top-down approach noted that despite the fact that temperature affected the kinetics of all subsystems (substrate oxidation, phosphorylation and proton leak), the control of respiration did not change with temperature. However, this study considers the substrate oxidation system (including TCA cycle, electron transport chain and metabolite transporters) as an integrated system. While it is possible that the proportion of the control carried out by this system does not vary with temperature, it is still possible that the distribution of control among the complexes or reactions inside this system does vary.
In terms of thermal sensitivity, important divergences were denoted between mitotypes that should be interpreted cautiously due to the way that we calculated Q 10 . Both mitotypes show low thermal sensitivity in the range from 12° to 18°C, and siIII also showed a weak impact of temperature in the 18°-24°C range (Q 10 close to 1). In the 18°-24°C range, siII has 1.5 to 2 fold higher Q 10 than siIII whereas in the 24°-28°C range, siIII has the highest Q 10 for almost all parameters except CI and CIc. The Q 10 for PDH also exhibit high values for this range for both mitotypes. Moreover, the Q 10 for COX for siIII at the 24°-28°C range showed the highest values, which suggest a strong influence of the temperature on this mitotype but mostly for the complex IV. Since ratios of mitochondrial respiration to COX for CIc, CIC+CII and for CIc+CII+G3Pdh
were not significantly different between temperatures (Table 2 ), we could suggest that the differences noticed between both mitotypes are induced by divergences in the functional properties of the component of the ETS and not by simple quantitative adjustments. Even if this suggestion seems weak, due to the method used to calculate the Q 10 value, temperature influence determined by analyses of variance (Table 1 ) also supports this hypothesis. The overall lower Q 10 values from 12° to 18°C might allow siII to colonize different spatial niches, which is in line with its wider worldwide distribution while siIII is endemic to continental east Africa, Madagascar and Reunion Island (5) . This spatial niche differentiation hypothesis does not, however, exclude the possibility of temporal niche differentiation (diurnal or seasonal differences in haplotype performance/abundance) (42) .
No distinctions between the ratios of each complex related to COX were detected among experimental temperatures (Table 2 ). This is quite surprising since the different enzymes of the ETS should have different thermal sensitivities because they are partly governed by the catalytic properties of enzymes and particularly by the free energy of activation of the reaction (16, 48) .
Temperature-induced changes should therefore have differential effects on the different enzymes of the ETS and consequently, control over respiration should be differently distributed along the ETS at different temperatures. According to our results, it appears that the control exerted by COX is minimally affected by a wide range temperature encountered by this species (12 to 24°C). Taken together, these results highlight the robust nature of the functional and regulatory properties of the ETS, which helps support a wide range of temperature changes.
Perspectives and significance:
We have shown that an in situ approach for the assessment of mitochondrial performance is appropriate for invertebrate species and may be more relevant than the in vitro approach on isolated mitochondria since cellular interactions are much more preserved in permeabilized fibers. We also showed that providing succinate increases respiratory rates in Drosophila (it may be only detected in permeabilized fibers with high resolution respirometry, as other studies on mitochondrial isolations did not detect any effects). Therefore, it must be taken into account when evaluating the capacity of all branches of the ETS converging at the Q-junction and the consequential impact on mitochondrial respiration. The apparent COX excess capacity detected at 12°C may be due to impairment in processes upstream that drive the electron input into the ETS. These results are partly corroborated by assays of a specific dehydrogenase (PDH) which showed low activity at 12°C. Higher catalytic capacities of ETS were detected at 24°C for the siII mitotype, and this catalytic advantage could be associated with the ability of complexes III and IV to deplete electrons.
Our study clearly demonstrates that the ETS is a robust system in terms of functional and regulatory properties, which is supported across a wide range of temperatures and that the siII haplotype have higher catalytic capacities at 24°C than siIII. Even if both mitochondrial mitotypes revealed high tolerance to temperature variation, it is clear that the catalytic capacity of mitochondria from siII population outcompetes these of siIII population at 24°C and therefore sensitivity of mitochondrial respiration diverges between both populations around 24°C. This higher catalytic capacity in the siII mitotype could give advantage either in terms of intensity of aerobic activity, endurance or both if the intensity of exercise that can be aerobically performed is partly dictated by the aerobic capacity of the tissue. We could also suggest another advantage of siII on siIII mitotype when individuals are performing equivalent work load. For a given mechanical work, mitochondria from siII mitotype individual may be solicited at a lower ratio of their V max since their mitochondrial catalytic capacity is higher. This might drive lower rate of reactive oxygen species (ROS) production since it is proportional of the electron flux and of the redox state of the ETS. In both cases, further experimentations are required to clearly delineate the adaptive advantage of siII catalytic capacity. While the different thermal sensitivities of the two mitotypes ETS complexes could result from selection on these mitotypes to better perform in their specific environments we cannot, however, conclude that the difference resides entirely at the level of mtDNA. Plausibly undetected differences in nuclear genes may exist. Introgressions between mitotypes may shed light on the adaptive value of Drosophila mitochondria in coadapted cellular environments, and will allow us to delineate the relationship between respiration rates and mtDNA divergences.
So far, few studies have been able to relate divergences among mitochondrial haplotypes of natural populations to any metabolic and phenotypic traits with potential adaptive value (30).
Evaluation of the potential adaptive value of mtDNA haplotypes is of paramount importance since this will highlight the possibility or limitation of the evolutionary plasticity of mitochondrial metabolism. 
